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For cystic fibrosis patients, a lung-targeted gene therapy would
significantly alleviate pulmonary complications associated with
morbidity and mortality. However, mucus in the airways and
cell entry pose huge delivery barriers for local gene therapy.
Here, we used phage display technology to select for and iden-
tify mucus- and cell-penetrating peptides against primary
human bronchial epithelial cells from cystic fibrosis patients
cultured at the air-liquid interface. At the air-liquid interface,
primary human bronchial epithelial cells produce mucus and
reflect cystic fibrosis disease pathology, making it a clinically
relevant model. Using this model, we discovered a lead candi-
date peptide and incorporated it into lipid nanoparticles to
deliver mRNA to primary human bronchial epithelia in vitro
and mouse lungs in vivo. Compared to lipid nanoparticles
without our peptide, peptide-lipid nanoparticles demonstrated
up to 7.8-fold and 3.4-fold higher reporter luciferase bioactivity
in vitro and in vivo, respectively. Importantly, these peptides
facilitated higher specific uptake of nanoparticles into lung
epithelia relative to other cell types. Since gene delivery to pri-
mary human bronchial epithelia is a significant challenge, we
are encouraged by these results and anticipate that our peptide
could be used to successfully deliver cystic fibrosis gene thera-
pies in future work.
Received 27 March 2024; accepted 25 October 2024;
https://doi.org/10.1016/j.omtn.2024.102375.

Correspondence: Debadyuti Ghosh, Division of Molecular Pharmaceutics and
Drug Delivery, College of Pharmacy, The University of Texas at Austin, 2409
University Avenue, Austin, TX 78712, USA.
E-mail: dghosh@austin.utexas.edu
INTRODUCTION
Cystic fibrosis (CF) is a genetic disease in which single mutations
occur within the CF transmembrane conductance regulator (CFTR)
gene, and as a result requires gene therapy to correct the mutation
and restore CFTR function. While these mutations affect all organs,
mucus buildup found in the lungs of CF patients results in the
most severe lung morbidities, which are the leading cause of death
for CF patients.1,2 As a result, many efforts focus on developing
gene-therapy formulations that can be locally delivered to the lungs.3

However, the hostile environment found in CF patients’ lungs, which
includes hyperconcentrated mucus and immune cells such as macro-
phages, greatly hinders treatments from reaching intended target sites
(i.e., cells harboring the CFTR mutation). Given that the thick mucus
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layer and cell membrane are two of the biggest barriers to successful
gene delivery, it is necessary to develop gene-therapy carriers that can
overcome these obstacles.

Traditionally, clinics have used virus vectors for CF gene therapy due
to their intrinsic ability to enter mammalian cells. However, their use
can be limited due to their innate immunogenicity, broad tropism,
and limited size capacity for packaging nucleic acids.3–5 Due to these
challenges, non-viral delivery systems are alternative carriers but are
often blocked by the various extracellular and intracellular barriers of
uptake (i.e., mucosal and cell membrane). To overcome the mucus
barrier, researchers have enhanced non-viral delivery systems by
formulating with higher amounts of mucus-penetrating polymers,
such as polyethylene glycol (PEG). However, PEGylation can hinder
cellular uptake, and PEG alone does not have inherent cell-targeting
capabilities.6 Peptides are attractive alternative delivery systems, since
they can shuttle therapeutics to their intended target site, potentially
enhance cell internalization, and be easily incorporated into non-viral
delivery systems where larger payloads can be used.7

To achieve targeted delivery, researchers have used directed evolution
to select virus variants with redirected tropism or discover cell-target-
ing peptides through technologies such as phage display. For example,
groups have evolved adeno-associated viruses and lentiviruses to
target human CF epithelia and improve the transduction of mamma-
lian viral delivery systems.8–10 For phage display, on the other hand,
M13 or T7 bacterial viruses, i.e., phage, are traditionally used as
screening tools to discover peptides with desired properties. Here,
phage are genetically engineered to display recombinant random pep-
tides or proteins on their viral coat proteins (i.e., capsid proteins). For
instance, T7 phage can be genetically modified to display up to 415
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Figure 1. Panning strategy and T7 phage display

library enrichment

(A) Selection strategy using a cysteine constrained

random 7-amino-acid peptide T7 phage display library

(CX7C) against differentiated primary human bronchial

epithelial cells (pHBECs) through iterative, high-

throughput selection for a total of five rounds. Image

made with BioRender. (B) Selection conditions (left) and

enrichment (right) of CX7C phage library for enhanced

CF pHBEC uptake. Cout represents the concentration of

phage collected after each round, and Cin is the initial

input phage concentration. Phage were added at 1,000

viral genomes/cell (vg/cell) and incubated for 16 h at

37�C for round 1 and 1 h at 37�C for round 5 (see also

Figure S1). Data represent change in Cout/Cin for three

separate replicates from the first to last round of

selection. Unpaired t test, **p = 0.0094.
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copies of a single peptide on the surface of their capsids, and phage
libraries can be created that consist of up to 109–1010 unique pep-
tide-presenting phage or “clones.” Pooled together, these random
peptide-presenting phage libraries can be incubated or “panned”
against a target of interest.11 Through iterative rounds of panning
against the target, there is a selection pressure applied such that pep-
tide(s) with the desired properties are identified. After identification,
peptides are typically removed from the structural context of the
phage and incorporated into delivery systems (e.g., antibodies, lipid
nanoparticles [LNPs], viruses) to redirect targeting.12–16 In the
context of respiratory targeting, multiple groups have demonstrated
the utility of phage display for discovering peptides that can target
the lungs, both systemically and locally.14,16–18 For CF therapy specif-
ically, Romanczuk et al. panned phage display libraries against pri-
mary human bronchial epithelial cells (pHBECs); however, panning
was done with pHBECs from non-CF donors in solution, meaning
these cells were not fully demonstrative of CF airway conditions
in vivo.14

For CF gene therapy, it is necessary to identify ligands that overcome
mucus and cellular barriers to facilitate targeted delivery to affected
CF airway epithelia. While in earlier work we identified mucus-pene-
trating peptides by panning our custom T7 phage display library
against an in vitro CF-like mucus model,19 this strategy focused on
mucus penetration in a synthetic disease model and did not fully
address the challenges of targeting and entering the airway epithelia
in clinically relevant models. To address these critical issues, we lever-
aged directed evolution with phage display to discover and select for
peptides with the desired physicochemical properties to achieve both
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mucus and cell penetration. Here, we used T7
phage display to pan against fully differentiated
pHBECs isolated from CF patients, which pro-
duce mucus, have ciliated cells, and phenotypi-
cally and physiologically represent a more dis-
ease-relevant model to mimic conditions found
in the lungs of CF patients.20 With this strategy,
our goals were to identify peptides and their
physicochemical properties and confirm that they improve phage up-
take into mucus-producing pHBECs. Additionally, we aimed to
demonstrate that select peptide candidates could be incorporated
into clinically relevant LNPs to improve mRNA LNP transfection
in vitro in fully differentiated CF patient cells and in vivo in lungs
via pulmonary delivery.

RESULTS
Selection of enriched mucus- and cell-penetrating T7 phage

clones

For our selection strategy, we iteratively panned a cysteine-con-
strained cyclic T7 7-mer (CX7C) peptide-presenting phage library
against mucus-producing pHBECs. Specifically, we used pHBECs
cultured at physiologically relevant air-liquid interface (ALI) to iden-
tify phage that can overcome two main delivery barriers in the airway
space for CF therapy: (1) mucosal barrier and (2) cellular barrier. We
chose pHBECs isolated from seven CF patients (Table S1) that were
pooled and cultured at ALI as our selection model, since it more accu-
rately reflects the CF microenvironment upon differentiation (i.e.,
mucus production and subsequent ciliary movement). An overview
of our selection strategy is depicted in Figure 1A. To increase selection
pressure throughout our rounds of panning, we sequentially short-
ened incubation times from round 1 to round 3 and increased the
time cells were incubated in wash buffer from round 1 to round 2 (se-
lection details from each round are shown in Figure 1B). Additionally,
cells were not washed after round 1 to allow for mucus buildup in sub-
sequent rounds and to increase selection pressure. Alcian blue stain-
ing of pHBECs confirmed that the volume administered and incuba-
tion period during the last round of selection did not remove the



Figure 2. Physicochemical properties of peptides

displayed on enriched phage

(A) Net charge and (B) GRAVY score values were

calculated for the top 30 most frequent peptide

sequences from each replicate (n = 3); total of 90

sequences analyzed per round. Peptides were ranked

1–30 based on frequency. Graphed are the mean

values for each ranked peptide sequence (n = 3).

(C) Multiple sequence alignment visual representation

using Seq2Logo for the top 30 sequences of each

replicate after five rounds of selection.22
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mucus layer (Figure S1). We next quantified internalized phage after
each round of selection by standard double-layer plaque assay to
determine enrichment following each round of selection. To ensure
that we quantified primarily internalized phage, we washed cells
extensively, lysed cells to collect the internalized phage, and separated
cell lysate from cell debris by centrifugation. After five rounds of se-
lection, we saw an average 380-fold increase in Cout/Cin (ratio of con-
centration of phage internalized or “output” to concentration of input
phage), demonstrating that our CX7C T7 library was enriched
(Figure 1B).

Enriched clones display peptides that are positively charged and

hydrophilic

Using next-generation sequencing (NGS) and a custom python script
for data analysis,19,21 we identified “hits,” or the top 30most abundant
peptide sequences from each round of selection, and ranked these
peptides from 1 to 30 (n = 3). For each ranked peptide (n = 3), we
calculated and compared its net charge, i.e., for each peptide, the
sum of charges for each ionizable group (from rounds 1 and 5), to
determine whether there was a shift in net charge after all rounds
of selection. A heatmap depicting these values indicates that the
average net charge of peptides shifted to a slightly more positive value
from round 1 to round 5 (Figure 2A).

Similarly, we calculated and compared the grand average of hydropa-
thicity, or GRAVY score,23 from the top 30 most frequently occurring
peptide sequences from rounds 1 and 5 (Figure 2B). The more posi-
tive the GRAVY score, the more hydrophobic the peptide sequence,
and vice versa. Here, we also observed a shift from the first to last
round of selection to a slightly more negative GRAVY score, indi-
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cating that there were more hydrophilic se-
quences present after five rounds of selection
(Figure 2B).

Additionally, we implemented the Seq2Logo
tool to visualize a multiple sequence alignment
for the top 30 sequences of all replicates
(n = 3) after the fifth round of selection and
identify the amino acid frequency at each posi-
tion of the 7-mer peptide.22 We observed that
this consensus sequence was rich in the basic
and hydrophilic amino acids arginine and lysine, which further sup-
ported trends we saw for net charge and GRAVY scores (Figure 2C).

Lastly, we further analyzed these sequences to select individual
clones for further validation. From each replicate, we selected
clones that were within the top ten most abundant sequences
in the fifth round of selection and found in all three replicates (Ta-
ble 1). We observed that each clone showed an increase in their
abundance, i.e., percentage of total sequences identified from
NGS analysis after each subsequent round (Figure 3A). The enrich-
ment of relative frequency of individual clones ranged from �7.7
(clone B) to 13.7 (clones C and E) from the first to fifth round.
Except for clone F, net charges were 2.9 and GRAVY scores
were less than �2.0. Clone F had a net charge and GRAVY score
of 0.9 and �0.26, respectively. Additionally, we used the
SAROTUP (scanner and reporter of target-unrelated peptides)
suite to confirm that these selected peptides are unique compared
to previously identified peptides from biopanning and are not
target-unrelated peptides.24–26 Furthermore, we used the Immune
Epitope Database (https://www.iedb.org/home_v3.php) as a tool
to ensure that the peptides used for validation did not match
any known epitopes studied in humans.

Enriched clones demonstrate improved uptake through mucus-

producing cystic fibrosis primary human bronchial epithelial

cells

Like our panning procedure, we differentiated our pooled pHBECs
(see materials and methods) and incubated them with the individual
peptide-presenting phage clones that we identified during the selec-
tion process (Table 1) to confirm that these clones achieve both
rapy: Nucleic Acids Vol. 35 December 2024 3
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Table 1. T7 phage clones selected for validation and the physicochemical

properties of their displayed peptides

Clone identifier Sequence
R1 to R5

enrichment Net charge GRAVY score

A CTPKRSRAC 8.082 2.9 �2.03

B CTRPTRSKC 7.657 2.9 �2.39

C CTSTRKKQC 13.713 2.9 �2.57

D CPAPRGKRC 8.836 2.9 �2.10

E CAPSKRNRC 13.745 2.9 �2.43

F CLSPTGKAC 12.630 0.9 �0.26

CPS CPSSSREKC – 1 �1.21

Wild type (WT) – – – –

Naive library (NL) CXXXXXXXC – – –
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mucus penetration and cell uptake (Figure 3B). From our validation
study, we found that of the six clones validated, clones B–E demon-
strated a significant difference in uptake compared to an unselected
naive library control (p < 0.05). Additionally, clones B, C, and E
had significantly improved uptake compared to a peptide insertless
wild-type (WT) control and an internal control sequence (denoted
as CPS) (Table 1). Clone CPS was previously discovered in our lab
from phage display screening for improved diffusion through CF-
like mucus.19 Our best performing clone, clone C, demonstrated
�454-fold (p < 0.0005), 56-fold (p < 0.005), and 50-fold (p < 0.005)
improvement in uptake compared to naive library, WT, and clone
CPS, respectively.

Peptides can be successfully incorporated into lipid

nanoparticles

We confirmed that peptides could improve transport and intracel-
lular uptake in CF pHBECs while in the context of a phage particle.
Next, we sought to determine whether these peptides could be effec-
tively incorporated into an LNP formulation. We encapsulated nano-
luciferase (NLuc) reporter mRNA into LNPs (NLuc LNPs) via micro-
fluidic mixing using the four lipids in Moderna’s Food and Drug
presenting phage clones, and a mucus-penetrating clone displaying the peptide seq

(n = 3, mean [SD; one-way ANOVA (Kruskal-Wallis test; uncorrected Dunn’s)); a: sign

control group only (p < 0.05).
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Administration (FDA)-approved Spikevax formulation as our base
composition (Table 2). Based on its abundance and validation in
phage uptake, we selected Peptide C from clone C to introduce into
LNPs for subsequent studies. We used either Peptide C or a control
mucus-penetrating peptide, CPS, conjugated to a myristic acid fatty
acid as peptide-lipids to incorporate into LNPs as a fifth component
lipid. Peptide-lipids or additional PEG-lipid (to serve as an additional
mucus-penetrating control) were added to Moderna’s Spikevax base
composition at an optimized percentage (Table 2). In brief, all lipid
components (including peptide-lipid conjugates) were dissolved in
an organic phase and microfluidically mixed with mRNA in aqueous
phase using a Y-shaped staggered herringbone mixer.27 After formu-
lating LNPs, dynamic light scattering (DLS) data showed that all for-
mulations had diameter sizes below 80 nm (Figure 4A). The polydis-
persity index (PDI), which approximates the monodispersity of the
formulations, was highest for our PEG formulation, while all other
formulations had PDIs of <0.2 (Figure 4A). Next, we characterized
their encapsulation efficiencies (EEs); all but the PEG-LNP formula-
tion resulted in EEs >90% (Figure 4A). Next, we determined the zeta
potential values of our four LNP formulations (Figure 4A). We
observed that incorporation of our Peptide C-lipid shifted the zeta po-
tential to a more positive value compared to all three other formula-
tions. Lastly, we imaged Peptide C-LNPs using transmission electron
microscopy (TEM) and observed no noticeable differences in LNP
morphology after incorporating the Peptide C-lipid component
(Figure S2).

Selected peptide functionalized lipid nanoparticles enhance

luciferase bioactivity

After confirming that peptides could be incorporated into LNPs, we
determined how each formulation affected mRNA LNP transfec-
tion. We delivered NLuc-LNPs to differentiated pHBECs pooled
from seven different donors (i.e., cultured at ALI) and incubated
for 48 h before measuring bioluminescence. Here, we saw signifi-
cantly enhanced NLuc bioactivity between Peptide C-LNPs and all
other formulations (Figure 4B). Specifically, we observed a 10.5-
fold and 4.5-fold increased luminescence from mRNA delivered
Figure 3. Enrichment and validation of individual

clones identified using high-throughput sequencing

data obtained from NGS

(A) We identified peptide-displaying clones that were

present in the top tenmost abundant sequences across all

three replicates. For each round of panning, the percent-

age of total sequences sampled represents the (average

peptide frequency count/total number of sequences ob-

tained from NGS data) � 100 (n = 3; mean [SD]). (B) We

validated clones using a standard double-layer plaque

assay. Cout represents the output concentration of phage

collected from pHBECs cultured at ALI after 1 h, and Cin is

the initial input phage concentration. Controls include wild-

type (WT) phage which lacks peptides on its capsid sur-

face, naive library which is a mixture of 7-mer peptide

uence CPSSSREKC (denoted as CPS; net charge 1 and GRAVY score of �1.2)

ificant difference from all control groups; b: significant difference from naive library



Table 2. LNP formulation details

Formulation N/P CIL Helper lipid PEG lipid Peptide-lipid (PL) CIL (%) Helper (%) Cholesterol (%) PL (%) PEG (%) Molar % sum

Spikevax 6 SM-102 DSPC DMG-PEG – 50.00 10.00 38.50 0.00 1.50 100.00

Peptide C 6 SM-102 DSPC DMG-PEG Myr-C 46.88 9.38 36.09 6.25 1.41 100.00

PEG 6 SM-102 DSPC DMG-PEG – 46.88 9.38 36.09 0.00 7.66 100.00

CPS 6 SM-102 DSPC DMG-PEG Myr-CPS 46.88 9.38 36.09 6.25 1.41 100.00

N/P, nitrogen-to-phosphate ratio; CIL, cationic ionizable lipid; PEG, polyethylene glycol; DMG-PEG, 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000; DSPC, distear-
oylphosphatidylcholine; Myr, myristoyl group.

www.moleculartherapy.org
by Peptide C-LNPs compared to LNPs containing additional
PEG-lipid or a CPS-conjugated lipid, respectively. Additionally,
cells transfected with Peptide C-LNPs demonstrated 7.8-fold
higher bioluminescence than Moderna’s Spikevax-LNP. Lastly, we
compared Peptide C-LNP to Spikevax across individual CF donors
used in our selection process to assess whether we observed a
similar trend in enhanced NLuc bioactivity while also acknowl-
edging the variability between patients (Figure S3). Here, we saw
that the average bioluminescence trended higher than Spikevax
for all donors tested (Figure S3).

To determine whether our Peptide C-LNPs demonstrated prefer-
ential transfection in primary HBECs, we measured LNP transfec-
tion in an alternative cell model, a THP-1-derived human macro-
phage cell line. Using an incubation time (i.e., 48 h) similar to that
in our validation study on pHBECs, we observed significantly
lower NLuc bioluminescence (1.7-fold) from Peptide C-LNP
groups compared to Spikevax-LNP treatment groups. Biolumines-
cence from cells transfected with Peptide C-LNPs was slightly
lower than from our CPS-LNP group and slightly higher (but
not statistically different) than from the PEG-LNP-treated group
(Figure 4C).
Selected peptide functionalized lipid nanoparticles enhance

luciferase bioactivity in vivo

Next, we sought to determine how our Peptide C could enhance de-
livery and NLuc bioactivity in vivo in BALB/c mice. We delivered
LNP formulations intratracheally (IT) and harvested lungs after
24 h. We observed a trend similar to that in our in vitro ALI transfec-
tion study—cells transfected with our Peptide C formulation group
showed the highest bioluminescence, followed by CPS-LNP,
Spikevax-LNP, PEG-LNP, and lastly the PBS group (Figures 5A
and 5B). Compared to Spikevax, Peptide C-LNPs demonstrated
3.4-fold higher bioluminescence. Notably, we also observed biolumi-
nescence signals distributed throughout all lobes for our Peptide
C-LNP group (Figure 5A). For our PEG-LNPs, we saw a �34.9-
fold overall decrease in bioactivity compared to Peptide C in vivo
(Figure 5B).

Lastly, given that we selected for a peptide that can cross both mucus
and cell barriers, we wanted to ensure that NLuc mRNA bioactivity
remained in the lungs following IT administration and avoided sys-
temic expression in other organs. To this end, we administered either
Peptide C-LNPs or PBS and compared the tissue biodistribution of
NLuc mRNA bioactivity. For Peptide C-LNP-treated mice, we found
Figure 4. Characterization of LNPs and NLuc

bioactivity in primary HBECs following LNP

treatment

(A) We determined size in nanometers (nm), polydispersity

index (PDI) by dynamic light scattering (DLS) (n = 3; mean

[SD]), encapsulation efficiencies by modified Ribogreen

assay (n = 2; mean [SD]), and zeta potential (n = 3; mean

[SD]) (see also Figure S2). (B and C) We added LNPs

(450 ng ofmRNA) to the apical side of differentiated primary

HBECs (n = 4; mean [SD]); one-way ANOVA (Tukey’s

multiple comparisons test), *p < 0.05, **p < 0.01 (see

also Figure S3) (B) or THP-1 derived macrophages (n = 4;

mean [SD]); one-way ANOVA (Tukey’s multiple

comparisons test), **p < 0.01, ***p < 0.001 (C) and

incubated them at 37�C for 48 h. Following incubation,

we measured bioluminescence by plate reader.
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Figure 5. NLuc and Cre mRNA delivery following

intratracheal administration of LNPs in vivo

(A) To BALB/c mice, we delivered 40 mL of either PBS or

LNPs formulated at 20 ng/mL, harvested lungs at 24 h post

administration, and immediately measured biolumines-

cence via IVIS imaging. Shown are representative images

for each treatment group (n = 4–8; 6–8 weeks old). (B)

Average radiance (p/s/cm2/sr) was calculated for each

lung. Data were pooled from two independent experi-

ments (n = 4–8; mean [SD]); one-way ANOVA (Tukey’s

multiple comparisons test), ***p < 0.0005, ****p < 0.0001.

(C) Schematic of Cre mRNA delivery to Ai9 mice. Image

made with BioRender. (D) Flow-cytometry analysis of

tdTomato-positive cells in various cell types in the lungs

following intratracheal delivery of Cre mRNA to Ai9 mice

(n = 3; mean [SD]); multiple unpaired t tests (Holm-�Sı́dák

multiple comparisons test), ****p < 0.0001. See also

Figures S4 and S5.
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robust and significantly higher mRNA bioactivity in only the lungs
versus all other organs (brain, heart, kidneys, liver, spleen, and gastro-
intestinal [GI] tract) (Figure S4).

Peptide functionalized lipid nanoparticles can facilitate genome

editing of desired cells in vivo

Next, we sought to determine whether we can apply peptide-LNPs to
gene editing in vivo. For this study, we used B6.Cg-Gt(ROSA)
26Sortm9(CAG-tdTomato)Hze/J (Ai9) mice, which contain a LoxP
flanked STOP cassette that prevents robust expression of a tdTomato
reporter gene downstream.28 When Cre recombinase is introduced, it
excises the STOP cassette and tdTomato is overexpressed. This con-
ditional expression is seen as a proxy for gene editing, since cells that
are effectively edited will express tdTomato and fluoresce (Figure 5C).
Here, we intratracheally delivered Cre recombinase mRNA (Cre
mRNA) using our Peptide C-LNP formulation to Ai9 mice and har-
vested lungs for flow-cytometry analysis 72 h after administration.
For Peptide C-LNP-treated mice, we observed significantly higher
tdTomato expression in epithelia compared to PBS-treated mice
and observed 6.3-fold and 29.1-fold higher expression in epithelia
compared to immune cells and endothelia, respectively (Figure 5D).
Compared to PBS-treated mice, we also did not observe significantly
higher tdTomato-positive cells for non-targeted cell types (i.e., endo-
thelia and immune cells). Lastly, we observed no significant differ-
ences in cytotoxicity between the two treatment groups (Figure S5).

DISCUSSION
For diseases affecting the lungs, such as CF, local delivery of therapeu-
tics is promising because it requires a lower dose compared to
systemic delivery resulting in fewer side effects, and therapeutics
6 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
can be administered in multiple ways that
are amenable to outpatient use (e.g., nebulizer,
dry powder, metered-dose inhaler).29–33 For
example, when comparing inhalation versus
oral delivery of the same drug substance, lung/
plasma drug concentration ratios can reach over 100 (compared to
1.6 for oral administration), making local delivery advantageous for
targeting lung tissues.33 For CF, this pharmacokinetic profile is attrac-
tive for the delivery of gene therapies such as CFTR gene addition or
correcting specific CFTR mutations. However, both mucus and cell
barriers hinder transport and delivery of therapeutics into the
cell.34–38 Common non-viral approaches for overcoming these bar-
riers include the use of polymers (i.e., PEG, poly(b-amino ester)s
[PBAEs]),39–44 cationic lipids,45,46 and novel ionizable lipids47–50

that can be incorporated into nanoparticle systems (e.g., liposomes,
LNPs, nanocomplexes). On their own, these components can confer
significant advantages in mucus penetration (i.e., PEG) and enhanced
cellular uptake (i.e., PBAEs, ionizable lipids), but often lack a combi-
nation of mucus, cell penetration, and specificity of uptake in lung
epithelia. Depending on the therapeutic application, this uptake can
often be non-specific and occur in non-desired cell types. Due to
this potential non-specificity, these components are often used
in combination with one another, are chemically modified, or
include targeting ligands or moieties such as peptides, proteins, or
antibodies.6,51

To improve intracellular uptake into lung epithelia, phage display can
be useful for selecting targeting ligands with affinity for cells and spe-
cific tissues. We previously used T7 phage combinatorial libraries
against a CF-like mucus model and screened for peptides that showed
enhanced transport through CF-patient-derived sputum.19While this
initial work demonstrated that peptides could be used as coatings to
improve transport through mucus models, there remained critical
questions to address. With this previous screening strategy, while
we successfully identified mucus-penetrating peptides, we did not
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pan for ligands that can both facilitate mucus penetration and
mediate uptake into the CF-affected airway epithelial cells; both bar-
riers are critical bottlenecks to achieving the nucleic acid delivery
required for gene therapy. Also, our previous screening was against
CF-like mucus with components to best mimic CF clinical samples;
however, recent advancements have shown that primary cells isolated
from CF patients and grown under appropriate conditions (i.e., ALI)
are more accurate physiological models of the disease.52 As a result,
we built upon our previous work and used primary cells derived
from CF patients as our selection model. Here, we used fully differen-
tiated primary cells homozygous for the deltaF508 mutation to
better reflect this disease state in the human lung. At the ALI, these
clinically obtained cells can produce mucus, ciliate, and even mimic
CF pathology more closely than traditionally used cell lines.53–59

To ensure that candidate ligands facilitated intracellular uptake, we
modified our panning strategy to collect peptide-presenting phage
internalized by fully differentiated CF epithelia (Figure 1). This
approach is in contrast to others’ phage display work that primarily
focused on collecting and isolating cell surface bound phage on
either undifferentiated pHBECs or human bronchial epithelial cell
lines.14,16,60 With our collection method, we increased the probability
that only internalized peptide-presenting phage were enriched prior
to subsequent rounds in the selection process (Figure 1). Compared
to our earlier work,19 we also greatly modified our panning to increase
selection pressure at various rounds (Figure 1B); during selection, the
increase in stringency (either by reducing the incubation time and/or
increasing washes) should allow selection of the “winners” that can
survive in each replicate. In other words, we improved the probability
of discovering peptides with increased propensity to get into mucus-
producing cells.61 This enrichment of peptide-presenting phage re-
flects affinity-based selection, as indicated by other groups.8,61,62 In
our study, after five rounds of selection, we observed a 380-fold
enrichment (Figure 1), which aligns with our previous studies that
utilized similar T7 phage libraries.19,21

Next, we sought to characterize the physicochemical properties of
these enriched peptides. We found that sequences present in the fifth
round of selection were more positively charged and hydrophilic than
those in the first round (Figures 2A and 2B). We measured how hy-
drophobic or hydrophilic each peptide sequence was using a GRAVY
score which, depending on the amino acid composition, can range
from �4.5 (most hydrophilic) to 4.5 (most hydrophobic) (Table 1).
We observed this shift in hydrophilicity in our previously published
work, which supports other findings that suggest hydrophilicity
aids in mucus diffusion.19,63 Additionally, this result corroborates
extensive work by others showing that PEG polymer is an attractive
coating to improve mucus penetration of carriers due to its hydrophi-
licity.6,64–70 For example, Schneider et al. showed that PEGylated
nanoparticles have higher mucus diffusion in CF sputum ex vivo
and more uniform distribution in mouse airway epithelia compared
to non-PEGylated nanoparticles.68 Peptide C, specifically, had a
GRAVY score of �1.2, indicating that its sequence is hydrophilic.
Furthermore, we saw a trend toward more positively charged peptide
sequences from the first to fifth round of selection (Figure 2B). Previ-
ously, when we screened against CF-like mucus only, we observed
peptide sequences that were more negatively to neutrally net-
charged.19 One potential and likely explanation for this observed dif-
ference is that our enriched peptides mimicked more cell-penetrating
peptides, which are positively charged in nature, in order to bind and
be internalized by cells.7,71,72 Importantly, we observed that our se-
quences do not possess a high enough positive charge such that the
binding would be too strong with the net negatively charged mucus
microenvironment and be stuck for hindered transport.19,73 For
instance, our recent work demonstrated that peptides with a net
charge of 5 (at pH 7) have hindered diffusion through CF sputum.19

This outcome supports work regarding other net negatively charged
extracellular environments such as cartilage extracellular matrix in
which a highly positively charged peptide would be immobilized.74

Given that the net charge of our lead peptide candidate is around
2.9, it is probable that the charge is positive enough to allow for
weak partitioning through the mucus and subsequent transfection
in cells.73,75 However, others have shown that net charge alone is
not sufficient to determine transport and that spatial configuration
and sequence order of amino acids also contributes to transport
through the mucus barrier.73 Future studies are warranted to investi-
gate how sequence specificity affects mucus penetration and cellular
uptake and how this compares with existing peptides used for pulmo-
nary delivery (both rationally designed and discovered through phage
display).

For validation studies, we proceeded with six peptide-displaying
phage clones that we identified in the top ten most abundant peptide
sequences and in all three replicates after the final round of selection
(Table 1). For each of these selected sequences, there was an increased
affinity for pHBECs as observed by an increased frequency of the in-
dividual clones present in each subsequent round of selection (Fig-
ure 3A). This enrichment indicated to us that there was an “evolu-
tionary” pressure to select, and not just screen, for peptides with
desired properties for mucus penetration and cell uptake.61 Addition-
ally, we saw that all peptide-presenting phage clones selected for vali-
dation performed better, i.e., achieved greater cellular uptake,
compared to a peptide-less control, the original and unselected naive
library, and previously discovered mucus-penetrating peptide-pre-
senting phage (i.e., CPS), which further confirmed the improvement
in our selection process (Figure 3B). Here, the only difference between
all phage clones was the peptide sequence (or lack of it) present on the
phage surface. Given this detail, we expect these differences in uptake
are based solely on capsid surface properties, which is supported by
our other related work.19,21

After demonstrating the efficacy of our peptide displayed on the
phage capsid, we ultimately wanted to use our targeting peptide
ligands to aid gene delivery across mucus and cell barriers. Therefore,
we also confirmed that our leading peptide candidate demonstrated
similar efficacy when introduced onto a synthetic carrier. Here, we
incorporated our peptide, conjugated to a fatty acid tail, into a clini-
cally relevant LNP system as a fifth component. Here, we used
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Moderna’s Spikevax COVID-19 mRNA vaccine formulation as our
base formulation, loaded with NLuc mRNA (Table 2). Cheng et al.
demonstrated that a fifth component lipid can be used to supplement
LNPs (which typically consist of four lipid components) and, interest-
ingly, depending on the physicochemical property of the lipid,
facilitate targeting to specific organs (i.e., lung, liver, spleen) upon sys-
temic delivery.76 Additionally, others have incorporated peptides in
nanoparticle or nanocomplex formulations in order to improve trans-
fection or gene delivery to certain cell types.70,77–83 Notably, some
groups have demonstrated that tandem peptides (i.e., peptides
attached to lipid tails) containing targeting peptides can enhance
transfection to neuronal, retinal, and cancerous cell lines.77–79,81,83

In these studies, tandem peptides were complexed or self-assembled
with both RNA and protein cargos. For our work, we decided to
leverage these advancements by integrating peptides conjugated to
myristic acid (14-carbon fatty acid) into LNPs with standard micro-
fluidic mixing.78,79,83 Here, we confirmed that our Peptide C-lipid
could be co-formulated with a conventional four-component LNP
and produce LNPs that have acceptable size (diameter <100 nm),
are monodisperse (polydispersity index <0.2), and have high encapsu-
lation efficiency (>95%) (Figures 4A and S2).27 A shift in the zeta-po-
tential measurements toward a more positive value suggests that Pep-
tide C may be partly distributed on the outer surface of the LNP
(Figure 4). However, additional work to study structural changes
imposed by our Peptide C-lipid conjugate using small-angle X-ray
scattering and cryo-TEM are warranted. To validate whether incor-
poration of our peptide into LNPs could improve transfection and
enhance NLuc production, we evaluated LNP transfection using
differentiated pHBECs and measured luminescence. After a 48-h in-
cubation period, we observed 10.5-fold and 4.5-fold increased lumi-
nescence from mRNA delivered by our Peptide C-LNP compared
to LNPs containing additional PEG or a CPS-conjugated lipid,
respectively, which were included as mucus-penetrating LNP controls
(Figure 4B). These results supported others’ findings that the addition
of polymers used only for mucus penetration may not be sufficient for
also overcoming the cellular barrier.6 For example, Conte et al. tested
and compared PEGylated and non-PEGylated nanoparticles as small
interfering RNA carriers for CF treatment. They found that while PE-
Gylated nanoparticles had improved transport through an artificial
mucus model, they resulted in lower cellular uptake in a Calu-3
ALI cell model.6 Additionally, the overall higher NLuc bioactivity
for Peptide C- versus Spikevax-LNP-treated cells across various indi-
vidual CF donors signaled to us that this enhanced bioactivity can be
maintained between patients (Figure S3). Given the high inter-patient
variability commonly seen in clinically derived samples, these results
highlight the attractiveness of this formulation to be effective across
different patients. Lastly, the inter-donor variability we observed
further highlighted the importance of us using pooled donors for
our initial selection strategy.

Nucleic acid delivery to the lungs is not only limited bymucus and cell
barriers, but immune cells also present in the airways, especially in
diseased lungs.84,85 Immune cells such as macrophages are present
for immunosurveillance during homeostasis, and in CF sputum
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they can be present in larger numbers compared to a healthy pa-
tient.86,87 Given immune cell presence in the lungs, we sought to
determine whether our peptides were selective toward targeted trans-
fection to CF patient epithelia by repeating the same Nano-Glo assay
with a THP-1-derived human macrophage cell line. In the previous
pHBEC transfection experiment, we hypothesized that if Peptide
C-LNPs were more selective for epithelia, we should observe higher
mRNA bioactivity compared to all controls. Conversely, in an alter-
native cell model (i.e., THP-1-derived macrophages), we would
expect our Peptide C-LNP-treated cells to exhibit lower or similar
bioactivity levels versus other controls. In THP-1 cells, we observed
lower luciferase activity from Peptide C-LNP relative to Spikevax
and CPS-LNP formulations (Figure 4C). Considering that Peptide
C-LNP achieved substantially higher mRNA delivery than other
LNPs in pHBECs from CF patients, these results suggest that Peptide
C has enhanced transfection in pHBECs relative to the Spikevax “pep-
tide-less” control, compared to macrophages. This result is signifi-
cant, since inhaled nanoparticles, (e.g., gold nanoparticles) can be
cleared by macrophages that reside in the lung.88–91

While we have demonstrated that our peptide-LNPs can achieve tar-
geted mRNA delivery in a relevant in vitro airway epithelia model of
CF, we next wanted to investigate delivery in preclinical models that
can better provide the dynamics, anatomical structure, and physi-
ology of the lungs. Here, we delivered LNPs intratracheally to the air-
ways of BALB/c mice to determine whether our leading peptide
candidate could enhance delivery of NLuc and subsequent luciferase
activity in vivo. At 24 h after delivery of LNPs encapsulating NLuc
mRNA, we observed significantly higher luminescence compared to
all other groups (Figures 5A and 5B). Interestingly, this trend paral-
leled what we observed in vitro using differentiated pHBECs, where
luminescence was highest for Peptide C-LNP followed by CPS-
LNP, Spikevax, and lastly PEG-LNP-treated mice (Figure 5B). Addi-
tionally, since we incorporated a peptide that could cross both mucus
and cell barriers, we wanted to ensure that Peptide C did not also in-
fluence uptake into other organs non-specifically. In a biodistribution
study, we found that mRNA bioactivity remained localized in the
lungs following IT delivery, which signaled to us that the risk of sys-
temic exposure is reduced (Figure S4). Recently, multiple groups have
used NLuc (and modified NLuc) mRNA to optimize LNP formula-
tions, even for respiratory delivery.49,92–96 For instance, Lokugamage
and colleagues optimized LNPs for nebulization using a modified
NLuc reporter gene and demonstrated that their lead LNP could suc-
cessfully deliver therapeutic mRNA as well. This highlighted that it is
possible to replace NLuc reporter mRNAwithmore clinically relevant
cargo and still produce significant results.

We further explored whether Peptide C-LNPs could deliver gene-ed-
iting mRNA to lung epithelia in vivo using a tdTomato reporter
mouse model. In this genetically engineered strain, its DNA includes
two LoxP stop cassettes that flank and prevent high expression of the
tdTomato gene. After delivery and uptake into the nucleus of the cell,
Cre recombinase enzyme can excise these DNA stop cassettes, leading
to enhanced tdTomato fluorescent protein expression. With this in



www.moleculartherapy.org
mind, we delivered Cre mRNA intratracheally to mouse lungs in vivo
to determine and quantify which cell types Peptide C-LNPs can edit
and to confirm that its uptake in non-desired cell types (i.e., immune
cells, endothelia) is comparable to that of PBS-treatedmice.We found
that our formulation demonstrated significantly higher tdTomato
expression in epithelia versus that of immune cells and endothelia
(Figure 5D). Coupled with our tissue biodistribution results, this pref-
erential uptake in epithelia is valuable since current lung-targeted
therapies that are delivered systemically tend to also have notable up-
take in non-epithelia cell types.45,76,97 Reduced uptake in endothelia
can be favorable for avoiding systemic exposure following delivery.
Notably, we also found that the percentage of edited epithelia is
within values known to restore CFTR function, which may translate
favorably when we incorporate therapeutic cargo.98–100 We would
like to note that while this reporter mouse strain is useful for identi-
fying edited cell types, it lacks the mucus microenvironment found in
CF lungs, which we aim to explore further. Overall, our in vivo results
encourage us to exchange our NLuc or Cre mRNA cargo with thera-
peutic mRNA in future work.

While inclusion of our peptide is a promising first step toward tar-
geted delivery for gene therapy of CF, other important considerations
for a clinically relevant product include safety and toxicity profiles of
our peptide-LNP formulation. However, initial studies demonstrate
that cell viability remains similar between PBS- and Peptide
C-LNP-treated mice in vivo (Figure S5). Additionally, given that we
intratracheally instilled our formulation into mouse lungs, we will
need to optimize and formulate these LNPs as stable aerosols for
inhalation therapy. Lastly, while we demonstrated that our peptide
delivers mRNA to fully differentiated pHBECs in vitro and to
epithelia in vivo, we do not have a priori knowledge of the specific
epithelial target. The respiratory epithelia contain multiple cell types
such as ciliated, goblet, basal, and ionocyte cells, some of which are
thought to play a prominent role in CFTR expression, hinting that
therapy should be directed to these cell types.45,101–103 While our
panning allowed for unbiased identification of peptide ligands against
cells, it would be important to understand which specific cell type is
targeted and elucidate the mechanism of how these peptides achieve
delivery. With these goals in mind, our peptide discovered through
phage display and stringent selection demonstrates significant prog-
ress given that it can successfully target differentiated pHBECs
and even enhance transfection in vivo. It is also important to note
that since the formulations were based on the components of the
COVID-19 mRNA vaccine and used a similar formulation strategy,
i.e., nanoprecipitation by microfluidic mixing, our targeting approach
can be easily formulated and scaled up to clinical use.

In this work, we implemented an improved phage display selection
strategy and discovered a lead peptide that significantly enhanced
mRNA bioactivity to fully differentiated pHBECs from CF patients
and to mouse airways in vivo. Given that we successfully and easily
implemented our peptide as a fifth component to traditional LNPs,
we anticipate these peptide-LNPs could deliver more clinically rele-
vant nucleic acids for CF therapy (e.g., CRISPR-Cas9-editing
mRNA). Further, we conducted this work with an FDA-approved
LNP formulation, which demonstrates the clinical relevance of our
LNP formulation. In future studies, we anticipate that our peptide
could be added to other LNP systems that have been specifically opti-
mized for pulmonary delivery. While gene therapy for CF has been a
significant challenge due to poor delivery efficacy to the lungs, we are
encouraged by our results presented here and see potential for our
mucus- and cell-penetrating targeting peptide to overcome this deliv-
ery barrier.

MATERIALS AND METHODS
Differentiation of primary human bronchial epithelial cells

For coating Transwell� inserts (0.4 mm, 6.5 mm diameter, Corning
Product, catalog #3470), we prepared Human Placenta Collagen
Type IV (Sigma, catalog #C7521) according to protocols established
by University of North Carolina, Marisco Lung Institute (MLI)
core. We first prepared a 10� stock solution (10 mg of collagen,
20 mL of ddH2O, 50 mL of concentrated acetic acid) and incubated
from 4 to 8 h at 37�C to dissolve. We then filter sterilized the solution
with a 0.2-mm syringe filter, aliquoted, and stored at �20�C. Prior to
coating, we prepared a 1� solution with sterile cell culture grade
water. Next, we added 100 mL to each insert, dried plates containing
inserts (with lids off) in a biosafety cabinet overnight, and UV steril-
ized inserts for at least 30 min before use.

From MLI, we purchased primary human bronchial epithelial cells
(pHBECs) from seven different cystic fibrosis (CF) patients homozy-
gous for the deltaF508 mutation (for patient demographics see
Table S1). All cells used for experiments were passage 2 (P2) unless
otherwise noted. We seeded either pooled (all seven CF patients) or
individual CF donors onto precoated inserts for differentiation at
ALI according to Pneumacult Ex-Plus (STEMCELL Technologies,
Vancouver, Canada, catalog #05040; supplemented with amphoteri-
cin B [0.25 mg/mL final concentration; Thermo Fisher Scientific, cat-
alog #BP264520], gentamicin [50 mg/mL final concentration; Sigma,
catalog #G1397], and 1� penicillin/streptomycin) and Pneumacult-
ALI medium (STEMCELL Technologies, catalog #05001; supple-
mented with 1� penicillin/streptomycin) protocols. In brief, we first
expanded P2 cells on precoated Transwell� inserts until at least 80%
confluence. Once confluence was reached, we removed apical me-
dium (i.e., airlifted cells), and added Pneumacult-ALI maintenance
medium to the basolateral side only. We then maintained cells in
Pneumacult-ALI maintenance medium until differentiation occurred
(at least 21 days post airlift and confirmed by observation with mucus
production and cilia movement). Prior to selection studies, we briefly
washed cells 2 and 3 weeks post airlift and 1 day prior to the first
round of selection. For washes, we incubated cells with 200 mL of Dul-
becco’s PBS (DPBS) (without Ca2+ and Mg2+) for 30 min at 37�C.

Differentiation of THP-1 cells for macrophage transfection

studies

For macrophage transfection studies, we cultured THP-1 cells
(ATCC, catalog #TIB-202) according to ATCC’s recommendations.
In brief, we maintained cells in RPMI-1640 medium (Sigma,
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catalog #R8758) supplemented with 10% fetal bovine serum (FBS)
and gentamicin (final concentration of 50 mg/mL). For differentiation
into non-polarized macrophages, we resuspended cells in phorbol
12-myristate 13-acetate (PMA) (Sigma, catalog #P8139) containing
medium (15 ng/mL) and seeded at a final density of 4 � 105 viable
cells/mL. We seeded 0.5 mL of cell suspension per well for a
24-well plate. We incubated cells at 37�C/5% CO2 for 48 h before
exchanging medium with PMA-free medium and incubating cells
for an additional 24 h prior to use for experiments.

Selection strategy

We used T7 CX7C phage libraries previously made in our lab19,21

using the T7Select415-1 cloning kit (Novagen, catalog #70015) to
select against CF pHBECs pooled from seven different CF donors
to discover mucus and cell-penetrating peptides. We combined T7
libraries and diluted them in DPBS (without Ca2+ and Mg2+) to a
final concentration of 3.3 � 105 plaque-forming units (PFU)/mL
to obtain 1,000 viral genomes per cell (we seeded 3.3 � 104 pHBECs
per insert). One day prior to the first round of selection, excess
mucus was removed. We then added 100 mL of phage solution to
the apical side of each Transwell� insert (n = 3) and incubated
for a given amount of time depending on the round of selection
(round 1 = 16 h, round 2 = 4 h, rounds 3–5 = 1 h). We chose a
longer time point in the first round of selection to allow for a higher
yield of phage for subsequent rounds and increased stringency in
the following rounds by shortening the incubation time down to
1 h by the final round.8,9,11,104 Previous research has shown that a
significant portion of aerosolized particles can remain in the lungs
of CF patients for up to 60 min,105,106 so we determined 1 h to
be well within potential clearance times for CF patients. Addition-
ally, similar time points have been successful in previous directed
evolution studies for the enrichment of lung-targeting adeno-associ-
ated viruses.8,9 Importantly, we also did not perform any mucus
washes at the start of the selection process to allow for the buildup
of mucus for each subsequent round. After incubation, we removed
apical and basolateral solutions and washed cells with phage elution
buffer (20 mM Tris-HCl [pH 8], 100 mM NaCl, 6 mM MgSO4) and
DPBS to remove any unbound/bound phage remaining. After wash
steps, we added 200 mL of M-PER lysis buffer (Thermo Fisher Sci-
entific, catalog #78503) on top of cells and incubated for 5 min at
180 rpm on an orbital shaker to ensure cell lysis. Following lysis,
we scraped cells (using a P200 pipette tip), collected lysate, and
spun cells down for 10 min at 14,000 � g to separate cell debris
from internalized phage (present in supernatant). We then quanti-
fied and titered collected phage using a standard double-layer pla-
que assay. After each round, we pooled internalized phage from
each replicate and used this pool as input for the following round.
We believe this additional optimization step improved reproduc-
ibility in our selection process compared to our previous screening
strategy, where we had few clones present in all three replicates.19

Additionally, after sample collection, we reserved a portion of this
sample for NGS and amplified the remaining sample in E. coli
(BL21) until lysis was observed (�2 h) as per manufacturer’s proto-
col, so input concentrations remained the same in the following
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rounds. As a control to identify parasitic sequences,107 the naive li-
brary (unselected CX7C library) was amplified five subsequent times
prior to NGS sample preparation.

To ensure that the volume administered during our fifth round of
selection did not remove the mucus layer on top of pHBECs, we
administered 100 mL of DPBS on top of fully differentiated pHBECs
and incubated cells for 1 h, rinsed wells twice with 150 mL of DPBS,
and stained mucus with 100 mL of Alcian blue 8GX (Sigma-
Aldrich, catalog #66011) for 15 min at room temperature. After stain-
ing, we rinsed cells three times with 200 mL of DPBS and imaged at 4�
magnification. Treated cells were compared to poorly differentiated
cells (to serve as a low mucus control) and untreated differentiated
pHBECs.

Next-generation sequencing data analysis

Following each round of selection, we isolated DNA from amplified
phage, prepared samples for NGS and performed peptide sequence
analysis as previously reported.19,21 After obtaining a frequency
count of all peptide sequences from each round of panning and
in order to properly select enriched CX7C sequences from our
NGS data, we omitted sequences that were linear (i.e., did not
contain the expected CX7C motif) or did not contain the correct
flanking sequences surrounding the insert initially cloned into our
library. We then analyzed the top 30 most abundant sequences after
all five rounds of selection to determine their physicochemical prop-
erties. Specifically, we calculated net charge and grand average
of hydropathy score (GRAVY score) for each 7-mer sequence
using in silico tools (https://pepcalc.com and http://www.gravy-
calculator.de/index.php, respectively). Additionally, we created a
multiple-sequence-alignment visual representation using Seq2Logo
after we combined the top 30 sequences from each replicate (total
of 90 sequences) after five rounds of selection.22 Peptide sequences
that were present in the top ten most frequently occurring peptide
sequences in all three replicates and were absent from an amplified
naive library control (amplified five times to correlate with the five
rounds of panning) were selected for further validation studies. We
evaluated the enrichment for each clone selected for validation
studies by calculating the average (n = 3) percentage of total unique
sequences retrieved from NGS for each round of selection. Addi-
tionally, we analyzed peptide sequences using the online tool
SAROTUP to confirm that sequences used for validation were not
target-unrelated peptides.24–26

Validation of clones

After we selected peptides from NGS data for further validation, we
cloned these peptide sequences back into T7 phage and verified
them through Sanger sequencing as previously published.21 In brief,
we obtained complementary pairs of oligonucleotides (i.e., sense
and anti-sense oligos) for each peptide sequence through IDT
(Table S2). Oligos were diluted in IDTE buffer, pH 8 (IDT, catalog
#11-01-02-05) to a 100-mM stock solution and then to 10-mM work-
ing solution before use. We then annealed oligos (5 mL of 10 mM
sense and anti-sense oligos in a 50-mL reaction) with ultrapure water
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at 95�C for 3 min before cooling to room temperature (25�C) at
0.1�C/s (ramp). After annealing, inserts were ligated to T7-Select
415-1 vector arms (Novagen [EMD Millipore], catalog #70015-3)
using T4 DNA ligase (New England Biolabs, catalog #M0202L).
We then packaged ligation reactions using T7Select415-1b cloning
kit (Novagen [EMD Millipore], catalog #70015-3) according to
the manufacturer’s instructions. We plated packaged clones using
a standard double-layer plaque assay with BL21 E. coli. After incu-
bating clones overnight at 37�C, we isolated and sequenced individ-
ual plaques to confirm proper cloning. Once clones were validated,
they were amplified in liquid BL21 E. coli culture prior to validation
studies. To validate clones for enhanced CF pHBEC transfection, we
incubated 3.3 � 107 PFU of each clone (in 100 mL of DPBS) on the
apical side of differentiated pHBECs for 1 h at 37�C. Phage were
collected and quantified in the same manner as our selection for
round 5.

In vitro transcription

We prepared nanoluciferase mRNA (NLuc) as previously pub-
lished.49 In brief, we created a template for NLuc mRNA encoding se-
quences for a T7 promoter, 50 UTR, codon-optimized NLuc, and 30

UTR. We synthesized mRNA using the AmpliScribe T7-Flash Tran-
scription Kit (Lucigen, catalog #ASF-3507) as described previ-
ously.108,109 After purification with RNA Clean & Concentrator-100
(Zymo, catalog #R1019), we added a cap1 structure using the
Vaccinia Capping System (NEB, catalog #M2080S) and mRNA Cap
20-O-methyltransferase (NEB, catalog #M0366S). We then added a
30-poly(A) tail (E. Coli Poly(A) Polymerase; NEB, catalog
#M0276L). After polyadenylation, we purified mRNA again and
determined mRNA concentration by NanoDrop 1000 (Thermo
Fisher Scientific) and stored aliquots at �80�C until use.

Lipid nanoparticle synthesis

To determine whether peptides discovered through phage display
could be incorporated into a nanoparticle system, we used cyclic
peptides conjugated to a myristic acid lipid tail (synthesized and
N-terminally modified by LifeTein). We used this peptide-lipid
as a fifth component to Moderna’s Spikevax lipid nanoparticle
formulation using a NanoAssemblr Benchtop instrument (Preci-
sion Nanosystems, Vancouver, BC, Canada). In brief, lipids (pep-
tide-lipid, SM-102 [Echelon, catalog #N-1102], cholesterol [Sigma,
catalog #C8667], distearoylphosphatidylcholine [DSPC] [Avanti,
catalog #850365], and 1,2-dimyristoyl-rac-glycero-3-methoxypoly-
ethylene [DMG-PEG] [Avanti, catalog #880151P]) were dissolved
in molecular-grade ethanol at a concentration of 10 mg/mL, and
reporter mRNA (NLuc) was dissolved in prechilled sodium
citrate buffer (pH 4, 100 mM). We prepared formulations via mi-
crofluidic mixing using a Y-shaped staggered herringbone mixer27

at an aqueous/organic flow ratio of 3:1, flow rate of 4 mL/min, and
volume of 500–1,000 mL. After formulation, LNPs were dialyzed
in 1� PBS (pH 7.4) for 2 h (for in vitro experiments) or at least
4 h (for in vivo experiments) in 10K molecular-weight-cutoff
Slide-A-Lyzer dialysis cassettes (Thermo Fisher Scientific, catalog
#87730).
Lipid nanoparticle characterization

For characterization, we prepared LNPs in 1� PBS (pH 7.4) for size
measurements (10-fold dilution) by DLS and in ultra-pure water for
zeta potential measurements (40-fold dilution) using Zetasizer Nano-
ZS (Malvern Instruments, MA, USA). To determine encapsulation ef-
ficiency percentages (EE%), we used a modified Quant-it RiboGreen
RNA Assay Kit protocol (Thermo Fisher Scientific, catalog #R11490).
In brief, LNPs were diluted 100-fold in 1� Tris-EDTA (TE) or 1%
Triton X-100 (Thermo Fisher Scientific, catalog #BP151) to measure
unencapsulated mRNA or total mRNA, respectively. We additionally
prepared two low-range standard curves (one in TE and one in 1%
Triton X-100). We added 100 mL of LNP sample or standard to a
clear-bottom 96-well black plate (Corning, catalog #3631) in dupli-
cate, then proceeded to incubate all samples and standards at 37�C
for 10 min. We then added a 2,000-fold dilution of RiboGreen Re-
agent and added 100 mL of the working solution to each sample
or standard. After 5 min, we measured fluorescence using a
SpectraMax M3 plate reader (Molecular Devices) at excitation/emis-
sion of 480 nm/520 nm. We calculated EE% by the following equa-
tion: [1 � (unencapsulated mRNA/total mRNA)] � 100.

For TEM characterization, we added 5 mL of LNP formulation
(55 ng/mL) onto a carbon support film (Ted Pella, catalog #01820),
incubated for 1min, andbriefly rinsedwithwater.Directly after rinsing,
we briefly stainedwith 2%uranyl acetate (up to 3 s), blotted excess stain,
and let dry overnight. Images were taken at 50� magnification at
200 kV using the JEOL NEOARM (Texas Materials Institute).

Lipid nanoparticle transfection in vitro

To compare transfection of our LNP formulations, we incubated
either differentiated CF pHBECs (pooled from seven individual CF
donors) or THP-1-derived macrophages with 450 ng of mRNA
(based on EE% values) for 48 h. For initial validation studies, we
diluted LNPs in 1� PBS to 3.6 ng of NLuc mRNA/mL for a total
dosing volume of 125 mL. We measured NLuc bioactivity by biolumi-
nescence assay using Nano-Glo Luciferase Assay System (Promega
[Madison, WI], catalog #N1110). In brief, for pHBECs, we scraped
cells from each treated well (remaining LNP solution left on top)
and transferred to a 96-well white flat-bottom plate (Corning, catalog
#3912). For differentiated THP-1 cells we removedmedium first, then
added 50 mL of 1� PBS (without Ca2+ or Mg2+) to cells before
scraping and collecting (to keep apical volume consistent with
pHBECs). We incubated collected samples with a 1:1 ratio of
Nano-Glo Luciferase Assay Buffer to lyse the cells. Nano-Glo sub-
strate was added to each well (one group at a time), and luminescence
was read 3 min later using a SpectraMax M3 plate reader (Molecular
Devices).

To compare transfection of our LNP formulations on individual do-
nors, we diluted LNPs in 1� PBS to 6 ng of NLuc mRNA/mL and
incubated pHBECs (n = 4) with 75 mL (450 ng) of mRNA (based
on formulation concentration) for 48 h. We first removed medium
and remaining LNP solution, then added 50 mL of 1� PBS (without
Ca2+ or Mg2+) to cells before scraping and collecting before
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measuring bioluminescence in similar manner to measurements on
pooled pHBECs and THP-1-derived macrophages using the BioTek
Synergy H1 Multimode Reader (Agilent).

Lipid nanoparticle delivery in vivo

We performed all procedures in accordance with and under approval
and oversight by the University of Texas at Austin Institutional An-
imal Care and Use Committee. For intratracheal administration, we
first anesthetized BALB/c mice (Charles River, female, 6–8 weeks
old) under 2% isoflurane before delivering 40 mL of each LNP formu-
lation in two separate instillations of 20 mL. Twenty-four hours after
administration of LNPs, we euthanized mice via carbon dioxide inha-
lation followed by cervical dislocation and immediately harvested
lungs. We briefly rinsed harvested lungs by dipping in 1� PBS and
separated each lung into five separate lobes (left, cranial, middle,
accessory, and caudal). We then collected lobes for each lung into a
1.5-mL microcentrifuge tube and incubated in 300 mL of Nano-Glo
substrate solution for 5 min before proceeding directly to imaging us-
ing an IVIS Spectrum in vivo imaging system (Xenogen, Alameda,
CA). We measured bioluminescence (average radiance [p/s/cm2/sr]
calculated for area surrounding all five lobes) using Living Image
4.3 software (PerkinElmer, Waltham, MA).

For biodistribution studies, we dosed BALB/c mice (Charles River, fe-
male) with either Peptide C-LNPs or PBS as stated above, harvested
organs (brain, heart, lung, liver, spleen, kidneys, and GI tract), then
briefly rinsed each organ by dipping in 1� PBS prior to collecting
all organs (except brain) in a 15-mL conical tube. Due to the delicate
nature of the brain, we collected this organ in a separate 15-mL
conical tube. For each mouse, once we collected all organs we incu-
bated the heart, lungs, liver, spleen, kidneys, and GI tract in 3 mL
of Nano-Glo substrate solution and the brain in 1 mL of the same sub-
strate solution. We incubated organs for 10 min with gentle agitation
throughout the incubation period, prior to imaging by IVIS as stated
previously.

For intratracheal administration of Cre mRNA, we first anesthetized
Ai9 mice (The Jackson Laboratory, catalog #007909) under 2% iso-
flurane before delivering 50 mL of either 1� PBS or Peptide C-LNP
formulation (0.5 mg/kg of Cre recombinase mRNA) (TriLink catalog
#L7211) in two separate instillations of 25 mL. Seventy-two hours after
administration, we euthanized mice via carbon dioxide inhalation fol-
lowed by cervical dislocation and immediately harvested the lungs.
We briefly rinsed harvested lungs by dipping in 1� PBS. To deter-
mine in vivo gene editing following local administration of our Pep-
tide C-LNPs, we processed the harvested lungs for flow cytometry as
described previously.49,110 In brief, we digested lungs in 10 mL of
digestion medium (90 units/mL collagenase type I [Sigma, catalog
#SCR103], 50 units/mL DNase I [Roche, catalog #11284932001], 60
units/mL hyaluronidase [Sigma, catalog #H3506]) for 1 h at 37�C
with intermittent shaking. We formed a single-cell suspension by
pouring the digested contents over a 70-mm filter and quenched
digestion with 10 mL of wash buffer (DMEM, 20% FBS, and 1%
penicillin/streptomycin). We centrifuged the quenched solution at
12 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
300 � g for 10 min at 4�C, washed cells with 5 mL of 1� PBS, and
lysed red blood cells by incubating cells in 5 mL of ACK lysing buffer
(Thermo Fisher Scientific, catalog #A10492-01) at room temperature
for 3 min, prior to quenching with 10 mL of quench buffer (90% 1�
PBS, 10% FBS). We washed cells with wash buffer followed by an
additional PBS wash and resuspended cells in 1� PBS prior to stain-
ing for flow cytometry as previously described.49 For staining we used
the following antibodies and viability dye: immune cells (CD45-
Pacific Blue, BioLegend, catalog #103126), endothelial cells (CD31-
AF488, BioLegend, catalog #102414), epithelial cells (CD326-
AF647, BioLegend, catalog #118212), and viability dye (Zombie
NIR, BioLegend, catalog #77184). We performed flow cytometry
and analysis using the Attune NxT Acoustic Focusing Cytometer
(Thermo Fisher Scientific) and FlowJo 10.10.0 software.

Statistical analysis

We performed all data analyses with GraphPad Prism 10 (GraphPad
Software, La Jolla, CA) at a significance level of p% 0.05 unless other-
wise indicated.
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